Elpidite from the Lovozero alkaline complex, Kola Peninsula, Russia, and Ag-exchanged forms of elpidite from two different localities (Lovozero and Khan Bogdo, Mongolia) were studied by means of single-crystal X-ray diffraction, electron microprobe analysis, thermogravimetry and IR spectroscopy. All studied samples retain the heteropolyhedral framework consisting of double Si 6 O 15 chains (ribbons) and isolated ZrO 6 octahedra. Zeolitic cavities in the initial elpidite from Lovozero (space group Pbm2, a = 14.6127(7), b = 7.3383(4), c = 7.1148(3) Å, V = 762.94(6) Å 3 ) are occupied by Na + cations and H 2 O molecules. Both Ag-exchanged forms are characterized by evident distortions of the heteropolyhedral framework and a strongly disordered arrangement of extra-framework cations which results in the appearance of the 14-14-14 Å unit cell (a = 14.1755(7), b = 14.6306(9), c = 14.2896(7) Å, V = 2963.6(3) Å 3 for the Ag-exchanged form of elpidite from Lovozero and a = 14.1411(5), b = 14.5948(4), c = 14.3035(5) Å, V = 2952.04(17) Å 3 for the Ag-exchanged form of elpidite from Khan Bogdo) and space group Cmce. Elpidite from both localities demonstrates a high exchange capacity to Ag. Exchanged Ag + cations preferably occupy the sites that are close to the Na sites in the initial elpidite. The paper also contains a review of crystal chemical data on elpidite and its laboratory-modified forms.
Introduction
Synthetic zeolite-like microporous zirconosilicates with heteropolyhedral frameworks (i.e., frameworks formed by SiO 4 tetrahedra and ZrO 6 octahedra with the general formula [Zr m Si n O 3m+2n ] −2m ) attract much attention due to the prospects of their wide application in chemical technologies as ion-exchangers, high-selectivity sorbents, catalysts, ion conductors, etc. [1] . Many of these compounds have natural analogues-minerals-and some of them are able to form deposits which are of special interest as the resources of zeolite-like materials of such type.
Elpidite, ideally Na 2 ZrSi 6 O 15 ·3H 2 O, is one of the best examples of such minerals. This zirconosilicate is characterized by strong ion-exchange properties which occur both in laboratory Here, we report new data for elpidite from a low-temperature hydrothermal association at Mount Alluaiv in the Lovozero alkaline massif (Kola Peninsula, Russia) and Ag-exchanged forms of elpidite from the same locality (Sample I), in addition to new data from a pegmatite related to alkaline granites of the Khan Bogdo alkaline massif (Southern Gobi, Mongolia) (Sample II). For crystal data of all the above-mentioned samples see Table 1 . Information on the localities at which initial samples were collected is available on the websites https://www.mindat.org/loc-30970.html (for the sample from Lovozero) and https://www.mindat.org/loc-2384.html (for the sample from Khan Bogdo).
Materials and Methods
The Lovozero sample of elpidite originates from the Elpiditovoe pegmatite uncovered at the Umbozero loparite mine in the western part of Mount Alluaiv. This pegmatite is described in detail in [14] . Elpidite forms open-work aggregates of white columnar crystals up to 10 cm long associated with natrolite, albite, caryochroite, pyrite and bitumen in miarolitic cavities of the pegmatite.
The studied sample from Khan Bogdo (provided by I.E. Proshenkin) contains brick-red coarse-prismatic grains of elpidite up to 5 cm across embedded in alkaline-granitic pegmatite mainly consisting of potassic feldspar, aegirine and quartz.
Hydrothermal ion-exchange reactions for the samples I and II were carried out in Teflon-lined steel autoclaves that had an approximately 10 mL capacity. In a typical synthesis, 0.05 g of elpidite crystals with sizes ranging from 1 to 2 mm were mixed with 5 mL of 1 M AgNO 3 solution and 30 mL of 0.1 M AgNO 3 solution, respectively, and were placed in autoclaves and heated for 3 days at 90 • C. The products were carefully washed free from entrained salts and dried at 60 • C before further investigations.
Chemical data for all samples except the initial elpidite from Lovozero were obtained by means of a Tescan VEGA-II XMU INCA Energy 450 (TESCAN, Brno, Czech Republic) (EDS mode, 20 kV, 190 pA, 180 nm beam diameter, excitation zone of 3-4 µm). The following standards were used: albite for Na, orthoclase for K, wollastonite for Ca, quartz for Si, and pure elements for Ag and Zr. Chemical data for the initial elpidite from Lovozero were taken from [10] as the studied sample was a part of the same crystal as used in [10] .
In order to obtain IR absorption spectra, powdered samples were mixed with anhydrous KBr, pelletized, and analyzed using an ALPHA FTIR spectrometer (Bruker Optics, Karlsruhe, Germany) at a resolution of 4 cm −1 . A total of 16 scans were collected for each spectrum. The IR spectrum of an analogous pellet of pure KBr was used as a reference. The software OPUS4 (University of Stuttgart, Stuttgart, Germany) applied to the spectrometer was used for processing the spectra.
Thermogravimetric data were obtained in the temperature range 20-550 • C, at a heating rate of 6 • C/min using a thermobalance ATV-14M (Institute of Problems of Chemical Physics, Chernogolovka, Russia). Rehydration kinetics of partly (50%) and completely dehydrated samples from Lovozero kept at room temperature in a humid air atmosphere (with a 100% relative humidity) were obtained, followed by weighing.
Initial elpidite from Lovozero and both Ag-exchanged samples were studied using the single-crystal XRD technique. The measured intensities were corrected for Lorentz, background, polarization and absorption effects. Data reduction was performed using CrysAlisPro Version 1.171.37.35 for the elpidite sample from Lovozero alkaline massif and its Ag-exchanged form [15] and CrysAlisPro Version 1.171.39.46 [16] for the Ag-exchanged form of elpidite from Khan Bogdo. The unit-cell parameters of our elpidite from Mount Alluaiv (Lovozero) are close to those reported earlier for elpidite from another locality in the same Lovozero massif in [6] , and the unit-cell parameters of both our Ag-exchanged forms are close to those obtained for the dehydration product of elpidite and its K-exchanged (at 90 • C and 150 • C) and Rb-exchanged (at 150 • C) forms. The crystal structures of all studied samples were obtained using direct methods and refined using the SHELX software package [17] . In the structure of our initial elpidite from Lovozero, the positions of H atoms were fixed. Ow1, H1a and H1b were refined as a rigid group; Ow2-H2 distances were softly restrained at 0.85(1) Å and H2-H2 distance at 1.37(2) Å Minerals 2019, 9, 420 5 of 16 to hold near-optimal geometry and for both water molecules U iso (H) = 1.5 U eq (O). The crystal data and the experimental details are presented in Table 2 . The structures were deposited with CCDC with CSD deposition numbers 1937293 (initial elpidite from Lovozero), 1937294 (sample I) and 1937295 (sample II). Index ranges 
Results

Chemical Composition
Representative chemical data are given in Table 3 . The formulae of the starting samples are (Na 1 
Infrared Specroscopy
All IR spectra of initial and Ag-exchanged elpidite samples ( Figure 2 ) show absorption bands of stretching and bending vibrations of H2O molecules (in the ranges 3200 to 3700 and 1600 to 1650 cm −1 , respectively), Si-O stretching vibrations of Si-O-Si and Si-O-Zr fragments (1115-1170 and 
All IR spectra of initial and Ag-exchanged elpidite samples ( A specific and reproducible feature of low-temperature elpidite is a splitting of the bands of Si-O and Zr-O stretching vibrations of the Si-O-Zr fragments (the doublet 1010 + 1032 and the triplet 627 + 648 + 681 cm −1 , respectively). In the IR spectrum of elpidite from Khan Bogdo, single bands are observed in these ranges (at 1012 and 640 cm −1 ). These differences may be due to the different arrangement of H2O molecules in the structures of these elpidite varieties. According to the correlation dD•••A = 0.1321 × [26.44 -ln(3592 -νO-H) [18] , the strongest bands of O-H stretching vibrations at 3453, 3506 and 3551 cm −1 in the IR spectrum of initial elpidite from Lovozero correspond to the distances dD•••A between O atoms of water molecules and H-bond donor atoms of 2.84, 2.91 and 3.00 Å, which is in good agreement with the structural data for this sample (see below). Relatively weak peaks at 3250-3260 cm −1 in the IR spectra of initial elpidite samples correspond to H2O molecules forming stronger H-bonds.
IR spectra of Ag-exchanged samples I and II in the range 360-1500 cm −1 are similar, but significant differences are observed in the high-frequency region. The spectrum of I contains six distinct bands of O-H stretching vibrations (at 3605, 3551, 3507, 3453, 3360 and 3262 cm −1 ) and two bands of H-O-H bending vibrations (at 1637 and 1610 cm −1 ), which indicates the presence of at least three nonequivalent water molecules in this sample.
Bands of H2O stretching vibrations in the IR spectrum of II are broad and consist of numerous overlapping components, which reflects the chemical inhomogeneity of this sample.
Dehydration and Rehydration Kinetics
Thermogravimetric curves are given in Figure 3 . In all samples except the initial sample from Khan Bogdo, dehydration starts at nearly 100 °C. The sample from Khan Bogdo shows anomalous behavior: its dehydration starts at ~45 °C, and at ~275 °C, an abrupt acceleration of weight loss is observed (Figure 3 ). These phenomena may be hypothetically explained by the fact that elpidite A specific and reproducible feature of low-temperature elpidite is a splitting of the bands of Si-O and Zr-O stretching vibrations of the Si-O-Zr fragments (the doublet 1010 + 1032 and the triplet 627 + 648 + 681 cm −1 , respectively). In the IR spectrum of elpidite from Khan Bogdo, single bands are observed in these ranges (at 1012 and 640 cm −1 ). These differences may be due to the different arrangement of H 2 O molecules in the structures of these elpidite varieties. According to the correlation [18] , the strongest bands of O-H stretching vibrations at 3453, 3506 and 3551 cm −1 in the IR spectrum of initial elpidite from Lovozero correspond to the distances d D···A between O atoms of water molecules and H-bond donor atoms of 2.84, 2.91 and 3.00 Å, which is in good agreement with the structural data for this sample (see below). Relatively weak peaks at 3250-3260 cm −1 in the IR spectra of initial elpidite samples correspond to H 2 O molecules forming stronger H-bonds.
Bands of H 2 O stretching vibrations in the IR spectrum of II are broad and consist of numerous overlapping components, which reflects the chemical inhomogeneity of this sample.
Thermogravimetric curves are given in Figure 3 . In all samples except the initial sample from Khan Bogdo, dehydration starts at nearly 100 • C. The sample from Khan Bogdo shows anomalous behavior: its dehydration starts at~45 • C, and at~275 • C, an abrupt acceleration of weight loss is observed (Figure 3 ). These phenomena may be hypothetically explained by the fact that elpidite from Khan Bogdo crystallized as a water-poor phase at a higher temperature than the sample from Lovozero. In this case, its hydration could occur at lower temperatures (see data on H 2 O-poor elpidite rehydration below). The total weight loss at 550 • C is equal to 10 Kinetic data on rehydration ( Figure 4) show that after elimination of one H2O molecule pfu, complete rehydration occurs in a humid air atmosphere during a period of three months. Rehydration of a completely dehydrated sample is a two-stage process. In the first stage, rapid sorption of water is followed by an induction period. After 40 days, sorption recommences. Most probably, during the induction period a structural transformation takes place which results in the broadening of zeolite channels [10] . Kinetic data on rehydration (Figure 4) show that after elimination of one H 2 O molecule pfu, complete rehydration occurs in a humid air atmosphere during a period of three months. Rehydration of a completely dehydrated sample is a two-stage process. In the first stage, rapid sorption of water is followed by an induction period. After 40 days, sorption recommences. Most probably, during the induction period a structural transformation takes place which results in the broadening of zeolite channels [10] . Kinetic data on rehydration ( Figure 4) show that after elimination of one H2O molecule pfu, complete rehydration occurs in a humid air atmosphere during a period of three months. Rehydration of a completely dehydrated sample is a two-stage process. In the first stage, rapid sorption of water is followed by an induction period. After 40 days, sorption recommences. Most probably, during the induction period a structural transformation takes place which results in the broadening of zeolite channels [10] . 
X-Ray Diffraction Data and Crystal Structures
All three studied structures retain the heteropolyhedral framework of elpidite consisting of double tetrahedral chains of Si 6 O 15 which are linked by isolated ZrO 6 octahedra to form the heteropolyhedral Zr-Si-O framework. In the structure of initial elpidite from Lovozero, Na cations and H 2 O molecules occupy positions in the voids of the heteropolyhedral framework. This structural model generally confirms the results obtained by [6] . The main difference between these models is that in our case one of two crystallographically non-equivalent Na sites is split. The Na1 site is split into the Na11 and Na12 sub-sites with partial occupancies of 0.45(2) for Na11 and 0.55(2) for Na12 and a Na11-Na12 distance of 0.834(9) Å that prevents their simultaneous filling. Na11 and Na12 sub-sites center eight-and seven-fold polyhedra, respectively. Na2 cations occupy Na2O 4 (H 2 O) 2 octahedra. Atom coordinates and displacement parameters for initial elpidite from Lovozero are given in Table 4 and interatomic distances and hydrogen-bond geometry in Table 5 . In both Ag-exchanged forms of elpidite, ZrO 6 octahedra in the heteropolyhedral framework are significantly twisted relative to each other. These distortions and the arrangement of the extra-framework cations result in 14-14-14 Å unit cells. This phenomenon was previously reported for dehydrated elpidite and some cation-exchanged forms of the mineral (Table 1) . Atom coordinates for Ag-exchanged forms of elpidite are given in Table 6 and selected interatomic distances in Table 7 . 1.661 (9) H-Bonding In both Ag-exchanged samples, extra-framework cations show a high degree of disorder: there are eight Ag sites in I and seven Ag sites in II and all of them are characterized by partial occupancies. In both structures, there are two main extra-framework sites which have similar coordinates and are characterized by the site occupancy factors (s.o.f.) of 0.80 (Ag1) and 0.69 (Ag2) (I), and 0.51 (Ag1) and 0.74 (Ag2) (II) [in both cases, the Ag scattering curve was used for the refinement]. In Sample I, both sites are further split, occupying sub-sites close to the main ones with very low s.o.f. In Sample II, only the Ag(1) site is characterized by further splitting. Bond valence calculations (the parameters were taken from [19] ) performed on the Ag sites with s.o.f. of more than 10% gave the following bond valence sums (BVS) (all calculations were performed taking into account site occupancies): Ag1 (sample II) . During the refinement, the anisotropic displacement parameters were constrained to be equal for the main Ag sites and sub-sites formed as a result of their splitting. Due to some discrepancy between the water contents according to TG and structural data, we assume that some H 2 O molecules should be incorporated into slightly occupied Ag sites in both samples. Moreover, the Ag13 and Ag15 sites characterized by low occupancy are close to the H 2 O molecule position in initial elpidite and partially dehydrated elpidite [11] and thus, we assume that these sites also host H 2 O molecules, possibly as a dominant component. Due to this reason, these sites are included in Table 7 as ligands to "main" Ag sites. The structures of both Ag-exchanged samples are shown in Figure 5 . The structures of both Ag-exchanged samples are shown in Figure 5 .
(a) (b) For the comparison of the positions of extra-framework sites in initial samples and Ag-exchanged forms of elpidite, we have used the models of initial elpidite from Lovozero (this work) (Figure 6a-c) and elpidite from Khan Bogdo [3] (Figure 6d-f) , taking into account only the positions of the mainly Ag-occupied sites in Ag-exchanged forms for better clarity. The structure of Sample II is shown in Figure 6g -i. For the comparison of the positions of extra-framework sites in initial samples and Ag-exchanged forms of elpidite, we have used the models of initial elpidite from Lovozero (this work) (Figure 6a-c) and elpidite from Khan Bogdo [3] (Figure 6d-f) , taking into account only the positions of the mainly Ag-occupied sites in Ag-exchanged forms for better clarity. The structure of Sample II is shown in Figure 6g -i. The Ag1 site is located between an H 2 O molecule and the Na2 site in initial elpidite. The Ag2 site in Ag-exchanged samples corresponds to the Na1 site in initial elpidite. In both structures of Ag-exchanged forms of the mineral, the Ag1 site also corresponds to the Na1 site in the partially dehydrated elpidite [11] and Na1 in completely dehydrated elpidite in which this site is additionally split [10, 11] . The Ag2 site corresponds to the Na2 position in both partially and completely dehydrated elpidite samples [10, 11] . The location of Ow11 in both Ag-exchanged forms of elpidite (and of Ow1 in I) is close but not identical to the Ow1 site in partially dehydrated elpidite. In samples I and II, this H 2 O position is shifted to the centre of the channel running along the a axis which is empty in other known elpidite structure models, as well as in 14-14-14 Å cation-exchanged and dehydrated forms (except the K-exchanged form obtained at 90 • C in which this channel hosts sites of K cations with a very low occupancy). The Ow2 site in I and II almost exactly corresponds to the Ow11 site in the structure of partially dehydrated elpidite [11] . The position of the Ag1 site in both I and II are close to the most occupied Rb site in the Rb-exchanged (at 150 • C) form and to the most occupied K site in both (obtained at 90 • C and 150 • C) K-exchanged forms of elpidite [3] . It is important to highlight that the Ag2 site predominantly occupied by Ag in samples I and II retains only a minor amount of Na in the structures of K-and Rb-exchanged forms of elpidite and does not contain exchanged K or Rb cations. It was assumed that the zeolitic cavity that includes this Na(1) site at the center of an eight-fold polyhedron has insufficient space to accommodate cations larger than Na + [3] . However, this site is able to host exchanged Ag + due to the fact that Na + and Ag + cations have similar ionic radii [20] .
Discussion
Elpidite from both Lovozero and Khan Bogdo demonstrates a high exchange capacity to Ag + . The cation exchange is accompanied by a significant distortion of the heteropolyhedral framework, which results in the doubling of the~7 Å parameters of the unit cell and the change in symmetry from space groups Pma2 or Pbcm (characteristic to the initial elpidite samples) to Cmce. Similar structural transformations were found earlier for the product of thermal dehydration of elpidite and for K-and Rb-exchanged forms of this mineral. At the same time, the mechanism of exchange of Na + for Ag + in elpidite apparently differs from that in the cases of K + and Rb + exchange: in the latter cases, exchanged large cations incorporate into the site initially occupied by an H 2 O molecule in the most voluminous zeolitic cavity rather than into the site of the Na + cation. Thus, the occurrence of preferential exchange of K + and Rb + cations at the sites occupied by H 2 O molecules in initial samples explains the drastic decrease in the water content in both K-and Rb-exchanged forms of elpidite. In contrast to this, exchanged Ag + cations preferably occupy the sites that are close to the Na sites in the initial elpidite and correspond to the Na sites in the product of elpidite dehydration characterized by similar unit cell parameters with Ag-exchanged samples. Moreover, a site at the center of the channel running along the a axis, which is considered as an H 2 O molecule position, was found in both Ag-exchanged samples. This results in the higher water content in Ag-exchanged elpidite as compared to K-and Rb-exchanged forms.
The rehydration processes, with the duration of several tens of days, cannot be related to the surface of crystals because adsorption is a rapid process. Moreover, the specific surface of the samples used was too small, and thereby excludes much of the percentage adsorption of H 2 O. Earlier, it was shown by us [10] that dehydration of elpidite is accompanied by a structural transformation involving the narrowing of channels. Consequently, a reverse process (i.e., hydration) should be accompanied by a structural transformation involving the widening of channels. This may be the cause of the observed acceleration of rehydration of the initially anhydrous sample after an induction period (Figure 4 ). 
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